Opsins are a class of retinal-binding, seven transmembrane helix proteins that function as lightresponsive ion pumps or sensory receptors. Previously, genes encoding opsins had been identified in animals and the Archaea but not in fungi or other eukaryotic microorganisms. Here, we report the identification and mutational analysis of an opsin gene, nop-1, from the eukaryotic filamentous fungus Neurospora crassa. The nop-1 amino acid sequence predicts a protein that shares up to 81.8% amino acid identity with archaeal opsins in the 22 retinal binding pocket residues, including the conserved lysine residue that forms a Schiff base linkage with retinal. Evolutionary analysis revealed relatedness not only between NOP-1 and archaeal opsins but also between NOP-1 and several fungal opsin-related proteins that lack the Schiff base lysine residue. The results provide evidence for a eukaryotic opsin family homologous to the archaeal opsins, providing a plausible link between archaeal and visual opsins. Extensive analysis of ⌬nop-1 strains did not reveal obvious defects in light-regulated processes under normal laboratory conditions. However, results from Northern analysis support light and conidiation-based regulation of nop-1 gene expression, and NOP-1 protein heterologously expressed in Pichia pastoris is labeled by using all-trans [ 3 H]retinal, suggesting that NOP-1 functions as a rhodopsin in N. crassa photobiology.
respectively. The pumping action of BR and HR hyperpolarizes the membrane, driving ATP synthesis during anaerobic growth. SRI controls phototaxis of the cell to orange light during anaerobic conditions to energize pumping of BR and HR. SRII also controls cell motility but is produced only in oxygen, where it induces an avoidance response to blue-green light.
Biochemical evidence implicating the existence of rhodopsins in eukaryotic microorganisms has been presented (6, 7) . However, genes encoding eukaryotic opsins have not been reported outside of animals, although many fungi, algae, and protists possess light-regulated processes. For example, in the filamentous fungus Neurospora crassa, blue light is a key regulator of growth and differentiation (reviewed in ref . 8) . N. crassa hyphae grow by apical extension, branching to form a network known as a mycelium. Blue light induces carotenoid biosynthesis and hyperpolarizes the cell membrane in mycelial cells. When N. crassa is deprived of nutrients or water, the mycelium differentiates aerial hyphae; these structures give rise to vegetative spores called conidia. Blue light accelerates conidiation and increases the conidial yield, and conidial formation is governed by a circadian clock reset by blue light. Under nitrogen starvation, the mycelium produces female sexual structures termed protoperithecia, which mature into perithecia with beak structures through which sexual spores (ascospores) are expelled after fertilization. Blue light increases the production of protoperithecia and also activates the phototropism exhibited by perithecial beaks.
In this study, we identify a gene for a potential light receptor in N. crassa. The deduced amino acid sequence of nop-1 (New eukaryotic opsin 1) reveals seven putative transmembrane helix domains and conserved residues important for retinal binding and H ϩ pumping in the archaeal opsin family. We report the results of evolutionary analyses of the gene sequence, the chromosomal map position of nop-1, expression pattern for nop-1 during the N. crassa life cycle, and phenotypic analysis of a ⌬nop-1 mutant. We demonstrate that heterologously expressed NOP-1 protein binds all-trans [ 3 H]retinal.
strains were 74-OR23-1A (74A; obtained from R. L. Weiss, University of California, Los Angeles) and 74-OR8-1a (74a; obtained from the Fungal Genetics Stock Center, Kansas City, KS). Growth and genetic manipulations of N. crassa were as described (9) .
The nop-1 gene was identified as a 961-bp cDNA from a ZapII library (Stratagene) as part of the Neurospora Genome Project (University of New Mexico). Sequence analysis indicated that the cDNA was truncated at the amino terminus, missing roughly 280 bp. The cDNA was labeled (10) and used to screen the N. crassa BARGEM7 genomic library (11) . Three hybridizing plaques were purified and converted to double-stranded plasmids (11) . Southern analysis (10) indicated that the three plasmids overlapped in the genetic material contained. One plasmid (1-1; Fig. 1A ) contained a 5-kilobase insert centered on the nop-1 ORF. Subclones of the 1-1 plasmid were sequenced as described (12) . Contigs were assembled by using SEQUENCHER Version 3.0 (Gene Codes, Ann Arbor, MI). Identification of ORFs and DNA sequence translation and comparisons were performed by using MACDNASIS Version 3.2 (Hitachi).
The nop-1 gene was mapped by following several single-base polymorphisms in a 541-bp region overlapping the nop-1 ORF among progeny in the multicent-2 mapping set (13) . This region was amplified from parental and progeny strains by using nop-1-specific primers and Qiagen (Chatsworth, CA) PCR Master Mix. Sequencing was performed as described (12) by using the amplification primers. Sequences from each of the 38 multicent-2 progeny were scored with respect to the Oak Ridge and Mauriceville parental strains by using SEQUENCHER Version 3.0 for comparisons (data not shown).
Total RNA was isolated from N. crassa strains during various stages of growth and development. Conidia were propagated on solid Vogel's minimal medium (VM; ref. 9) for 3 days in the dark at 30°C followed by 4 days in light at room temperature. Germling cultures were shaken at 200 rpm for 4 or 16 hours in liquid VM at 25°C in constant light or darkness after inoculating with 5 ϫ 10 6 conidial cells per ml. For plate cultures, 1 l of a conidial suspension was inoculated in the center of a VM or synthetic crossing medium (SCM; ref. 9) cellophane-overlaid plate and incubated at room temperature for 3 days in constant light or darkness (VM) or 6 days in constant light (SCM). Germlings were collected by centrifuging, whereas plate cultures were scraped with a spatula. Total RNA was extracted from cell pads as described (14) . Northern blot analysis was performed essentially as described (15) , except with Nytran Plus membranes (Schleicher & Schuell). Hybridization was performed as described (16) with an 810-bp fragment of the nop-1 ORF lacking the first 147 bp used as the probe.
Database Searches and Phylogenetic Analyses. Searches of the nr, dbEST, and unfinished microbial genome sequence databases were conducted by using appropriate programs from the BLAST Version 2.0 suite or PSI-BLAST (17) , with the default settings used. When PSI-BLAST was used, iterative searches were conducted until the program converged on a constant set of subject sequences.
The inferred amino acid sequence of NOP-1 was aligned with homologous sequences from archaea, fungi, and visual pigments. Because transmembrane regions of opsins are better conserved in both sequence and length than are the extramembrane strands, alignment was conducted by dividing the sequences into putative transmembrane-helix segments and extramembrane regions established by comparison with the structure of BR (18) . The transmembrane helices and extramembrane strands were aligned as individual blocks by using CLUSTALW (19) . Preliminary trees constructed from alignments that included visual opsins always grouped the visual opsins together but placed them inconsistently and with relatively low levels of support in the phylogenetic trees inferred (see http://biology.unm.edu/ϳngp/home.html; data not shown). Because the relationship between visual pigments and archaeal opsins is uncertain (20) , we excluded the visual opsins in later analyses.
The final alignment (see http://biology.unm.edu/ϳngp/ home.html) was used in tree-building analyses by using several different methods, including maximum parsimony (MP) with test version d64 of PAUP* 4.0 (D. L. Swofford), maximum likelihood (ML) with the Accepted Point Mutation (PAM) model of evolution (21) Fig.  1 A) . Strain 74A conidia were electroporated with pJAB6, and transformants were selected for hygromycin resistance as described (10, 25) . The presence of the ⌬nop-1 mutation was verified by using Southern analysis (data not shown). Sexual crosses between heterokaryotic transformants and wild-type strain 74a were used to isolate ⌬nop-1 homokaryons (strains 39-1, 40-10, 80-1, 83-5, and 86-2). Sensitivity of strains to the H ϩ -ATPase inhibitor oligomycin was tested by using VM plates containing 100 ng/ml oligomycin. Incubation was for 4 days at room temperature in constant light or total darkness. room temperature. The Schiff base linkage was reduced by using sodium cyanoborohydride essentially as described (26), and samples were then subjected to SDS/PAGE electrophoresis (27) . Gels were prepared for f luorography by using EN 3 HANCE according to the manufacturer's recommendations (Dupont/NEN).
RESULTS
nop-1 Gene Organization, Chromosomal Mapping, Expression, and Sequence Analysis. The nop-1 cDNA clone, designated NM4H11, was identified as an amino-terminaltruncated expressed sequence tag (EST) from a N. crassa mycelial library (28) . The cDNA was used as a probe to identify a 4.97-kilobase genomic clone ( Fig. 1 A) . Comparison of the genomic and cDNA sequences revealed one intron in the amino acid coding region. The existence of a second intron upstream of the cDNA sequence was suggested by the presence of consensus splice sequences in the genomic clone and confirmed after analysis of a second EST from an eveningspecific cDNA library containing the complete aminoterminal region of the nop-1 ORF (Clone b4a12ne.f1; University of Oklahoma's Advanced Center for Genome Technology). The distribution of nop-1 alleles observed during inheritance of single-base polymorphisms most closely matched scores for ars-1 (36/38 matches) and nic-3 (35/38 matches) on the left arm of LGVII (ref. 29 ; data not shown), implying this location for nop-1.
Northern analysis was used to measure steady-state nop-1 RNA levels under various environmental conditions, including constant light and darkness (Fig. 1B) . The nop-1 transcript is 1.5 kilobases and is abundant in conidia and sexually differentiated SCM plate cultures; both of these tissues were exposed to light. nop-1 is also expressed during vegetative growth on high nitrogen VM solid medium, with higher levels in light than dark. In contrast, nop-1 message is not detected during submerged growth in liquid VM (a condition that suppresses conidiation and sexual differentiation) in either constant light or darkness. Thus, the nop-1 transcript level is highest under conditions where conidia are produced and there has been exposure to light (conidia, SCM cultures, and illuminated VM plates).
The deduced amino acid sequence of nop-1 predicts seven transmembrane helical domains and extensive similarity to the archaeal rhodopsin family ( Fig. 2 ; data not shown). Most notably, the amino acids present in each of the 22 putative retinal binding pocket positions of NOP-1 are conserved with at least one (and usually multiple) of the H. salinarum rhodopsins. Consideration of these residues alone shows identities of 68.1-81.8% between NOP-1 and the archaeal rhodopsins. In particular, NOP-1 contains the conserved lysine residue in helix G (Lys-263) that forms the Schiff base linkage with retinal in all archaeal rhodopsins.
NOP-1 also contains Asp and Glu residues at positions corresponding to Asp-85 and Asp-96 in BR that are crucial for archaeal rhodopsin function (reviewed in refs. 2 and 5). Light absorption by BR causes the transfer of a proton from the Schiff base in helix G to Asp-85 in helix C; this leads to release of a proton to the medium and induces an open conformation of BR that allows proton uptake from the cytoplasm. Asp-96 is required for reprotonation of the Schiff base in BR; however, this residue is not conserved in the other three archaeal rhodopsins. Asp-85 is essential for the selectivity of ion transport; mutation of this residue to threonine converts BR into a chloride pump. SRI and SRII contain aspartate residues corresponding to Asp-85 in BR (Asp-76 and Asp-73, respectively). In the absence of its transducer, SRI is converted into a proton pump and phototaxis is disrupted; SRI-mediated proton transport is mechanistically the same as that for BR, with Asp-76 acting as a proton acceptor. In the case of SRII, substitution of Asn for Asp-73 results in constitutive signaling during phototaxis. Taken together, the sequence information suggests that NOP-1 can bind retinal and may also pump protons or other ions across a cell membrane.
NOP-1 also exhibits sequence similarity to six predicted seven-helix transmembrane proteins from various fungal species. These proteins include YDR033w, Yro2p/YBR054w, and Hsp30p/YCR021c from the budding yeast Saccharomyces cerevisiae (the relationship between Yro2p and archaeal opsins has been noted previously; ref. 33); a hypothetical protein identified by genomic sequencing in the fission yeast Schizosaccharomyces pombe; an Hsp30 homologue from the basidiomycete Coriolus versicolor, and an incomplete sequence derived from a set of overlapping ESTs from the filamentous ascomycete Emericella nidulans. S. cerevisiae Hsp30p is an integral plasma membrane protein that down-regulates the plasma membrane H ϩ -ATPase in response to heat shock and exposure to weak acids (34) . Functions for the remaining fungal proteins are unknown. With the exception of NOP-1, all of the related fungal proteins, including the predicted E. nidulans protein (E. N. Spudich and J. L. Spudich, personal communication), lack the conserved lysine in helix G responsible for the Schiff base linkage with retinal; therefore, by definition, these are opsin-related proteins, rather than opsins per se. In addition, the fungal opsin-related proteins lack the two acidic residues important for ion pumping in BR; however, the significance of this is unclear in proteins without a Schiff base lysine.
Phylogenetic Analysis. Because the loops connecting the seven transmembrane helices of opsins exhibit substantial length variation as a result of insertions and deletions, the assignment of homology outside of the transmembrane helices is problematic when distantly related sequences are compared. We therefore explored the phylogeny of the opsins and opsin-related proteins using both the complete alignment and a shorter alignment containing only the transmembrane helices. Phylogenetic analyses with both alignments and various analytical methods produced results consistent with the gen- eral features shown in the tree presented (Fig. 3) . Specifically, we found three major groups, one corresponding to the archaeal sequences, a second containing the sequences from S. cerevisiae, S. pombe, and C. versicolor (the Yro/Hsp30 group), and a third corresponding to NOP-1 and the sequence from E. nidulans (the NOP-1 group). In all cases, the branch leading to the NOP-1 group was placed between the archaeal and Yro/ Hsp30 fungal groups. The tree-building methods used result in unrooted trees unless assumptions are invoked regarding either relative rates of divergence or the existence of appropriate outgroup sequences. Placement of the root between the eukaryotes and archaea (root ␣ in Fig. 3 ) is suggested by organismal phylogeny in the absence of horizontal gene transfer, and also by midpoint rooting (MP) and the estimation of ML trees assuming a molecular clock. However, placement of the root within the fungal groups (root ␤), is consistent with the presence of residues involved in retinal binding and ion pumping in NOP-1 and is supported by midpoint rooting of NJ and ML trees. The evolution of opsins and related proteins has not been strictly clock-like, based on a likelihood-ratio test (35) , suggesting that the methods used to infer the root position should be viewed as heuristics that can be evaluated in the context of additional information, such as organismal phylogeny. Recognizable opsin homologues are absent from the complete genome sequences of several different archaeotes, a circumstance that argues for either independent opsin gene losses in these organisms or a horizontal opsin gene transfer between ancestors of the halophilic archaea and fungi. If multiple losses of opsin genes have occurred, placement of the root between the eukaryotes and archaea (root ␣) is more conservative, because this root does not presuppose the presence of two separate opsin subgroups in nonhalophilic archaeotes.
The high degree of sequence similarity between NOP-1 and the archaeal opsins in the retinal-binding and ion-pumping residues raises the possibility that NOP-1 is the result of a horizontal gene transfer from an archaeote. This is of particular interest in light of recent proposals regarding the prokaryotic origin of eukaryotic genes and the role of horizontal gene transfer in the evolution of fungal genomes (36, 37) . However, the presence of an apparent NOP-1 orthologue in E. nidulans is inconsistent with a recent gene transfer. Furthermore, the presence of an opsin-related protein in the basidiomycete C. versicolor (38) suggests that Yro/Hsp30 gene clade was established at least 400 million years ago (see ref. 39 ). Based on these observations, the high degree of divergence between archaeal rhodopsins and NOP-1, and the apparent monophyletic nature of the archaeal group, we conclude that NOP-1 is unlikely to reflect a horizontal gene transfer from a halophilic archaeote.
Phenotypic Analysis of ⌬nop-1 Strains. The phylogenetic analyses suggested that NOP-1 might function as a lightresponsive sensory receptor or ion pump in N. crassa. As a first step in determining nop-1 functions, a ⌬nop-1 mutation was made by targeted integration of a construct in which the nop-1 gene was replaced by the hph gene (ref. 25 ; Fig. 1 A) . Southern analysis was used to identify several heterokaryotic transformants; ⌬nop-1 homokaryons were then isolated by using a sexual cross (data not shown). The results from Northern analysis indicate that the nop-1 transcript is absent in the ⌬nop-1 homokaryons (Fig. 1B) , consistent with gene loss in these strains.
Loss of nop-1 does not cause any detectable phenotype during the life cycle of N. crassa. Conidia from ⌬nop-1strains have wild-type viability and exhibit normal morphology and mass accumulation during germination in light or dark-grown liquid cultures (data not shown). There is no obvious difference in growth rate, morphology, or pigmentation between wild-type and ⌬nop-1 strains grown on solid medium in light or dark, and dry weights of ⌬nop-1 and wild type are similar in cultures grown on solid medium in constant light. Analysis of the circadian rhythm indicated that period length, lightinduced phase shifting, and photosuppression are normal in ⌬nop-1 mutants (data not shown). ⌬nop-1 mutants exhibit normal growth rate and morphology on solid medium with glycerol, succinate, or acetate as carbon sources and glutamate, arginine, histidine, or leucine as nitrogen sources in light or dark (data not shown). Finally, no defects were noted during the sexual cycle when ⌬nop-1 strains were used as male or female parents.
Because NOP-1 shows similarity to S. cerevisiae Hsp30p, which modulates the activity of the plasma membrane H ϩ -ATPase during heat shock (34), we tested ⌬nop-1 strains for sensitivity to environmental stresses. ⌬nop-1 liquid culture germlings exhibit normal viability after incubation at 52°C, ⌬nop-1 strains possess wild-type growth rates at high temperature (42°C), and ⌬nop-1 mutants have normal growth rate and morphology under hypertonic conditions in light and dark (data not shown). ⌬nop-1 strains display wild-type sensitivity to the superoxide-generating agent paraquat (in light; data not shown). However, ⌬nop-1 germlings exhibit slightly (20%) greater resistance to hydrogen peroxide than wild-type (over a 4-hour period in light; data not shown).
Because it possesses the residues in BR that are required for transporting H ϩ , we hypothesized that NOP-1 may function as a proton pump in N. crassa. Hence, it is possible that pheno- 400 nM; ref. 41) , the ⌬nop-1 mutant exhibits more extensive aerial hyphal development and denser conidiation than wild type after 2 days of growth in constant light; however, by day 3, the ⌬nop-1 and wild-type strains are indistinguishable (data not shown). There were no differences in morphology between wild type and the ⌬nop-1 mutant when incubated in the dark with the mitochondrial ATPase inhibitor oligomycin (42) at 100 ng/ml (Fig. 4A) . However, morphological differences between ⌬nop-1 and wild type were observed during growth in constant light in the presence of oligomycin (Fig. 4A) . In light, wild type possesses long aerial hyphae and conidia are produced in concentric rings, whereas aerial hyphae are shorter and conidiation occurs in dense patches randomly distributed over the center of the colony in the ⌬nop-1 mutant. Thus, exposure to oligomycin produces a synthetic effect in ⌬nop-1 strains that is light-dependent. This effect may result from compensation by the mitochondrial H ϩ -ATPase for a light-regulated conidiation function of NOP-1 in the ⌬nop-1 mutants. Alternatively, it may be due to an indirect effect of oligomycin, either from reduced ATP levels or some other physiological change.
Binding of NOP-1 to All-Trans Retinal. To further verify that NOP-1 is a rhodopsin, we took advantage of a procedure for labeling archaeal rhodopsins by using [ 3 H]retinal (26) . For these studies, we used crude membrane fractions from P. pastoris strains containing a control or nop-1 overexpression plasmid (strains V1 or L4, respectively; J.A.B., E. N. Spudich, K. Scott, K.A.B., and J. L. Spudich, unpublished data). NOP-1 protein from the L4 strain has a hexahistidine epitope at the carboxyl terminus. The membrane fractions were incubated with all-trans [ 3 H]-retinal and the resultant Schiff base linkage reduced by using sodium cyanoborohydride. After gel electrophoresis and fluorography, the results demonstrated the presence of a single labeled species in L4 strain samples containing NOP-1 protein (Fig. 4B) . This labeled protein corresponds to a Coomassie blue-stainable and anti-histidine epitope antibody-reactive protein present in the L4 strain but not in the control strain V1 (Fig. 4B ; data not shown).
DISCUSSION
Although filamentous fungi exhibit a diverse array of light responses, the corresponding photoreceptors are poorly characterized. Therefore, discovery of the nop-1 gene has important implications for fungal photobiology. The high degree of sequence conservation between NOP-1 and archaeal opsins suggests a role for NOP-1 in transduction of light energy for ion pumping and/or sensory perception. Considering this sequence conservation, it is surprising that ⌬nop-1 strains have no apparent defects in light signaling under standard laboratory conditions. This result may reflect the existence of other functionally redundant opsins or opsin-related proteins (see below) that can compensate for loss of nop-1 in N. crassa, or a light signaling function in nature that is not apparent under the artificial conditions of the research laboratory. In any scenario, it is clear that determination of the actual function of nop-1 will require more extensive investigation.
Biochemical studies with NOP-1 protein heterologously expressed in P. pastoris demonstrate that NOP-1 protein binds all-trans retinal by using a Schiff base linkage. This result is further supported by UV-visible absorption spectroscopy with the same P. pastoris membranes (J.A.B., E. N. Spudich, K. Scott, K.A.B., and J. L. Spudich, unpublished data). In these preparations, NOP-1 forms a green-absorbing pigment in the presence of all-trans retinal (max 534 nm), with a spectral shape and bandwidth characteristic of archaeal rhodopsins. The wc-1 and wc-2 genes have been cloned, and the predicted protein sequences specify transcription factors containing zinc finger and PER-ARNT͞AHR-SIM domains (8) . Because wc-1 and wc-2 regulate expression of the conidiation genes (43) con-5 and con-10 (44), it is plausible that nop-1 transcript levels are also controlled by a regulatory circuit involving the wc loci. Furthermore, NOP-1 may participate in a signal-transduction pathway that includes the WC-1 and WC-2 proteins in N. crassa.
The discovery of NOP-1 has important implications for the evolution of opsins and opsin-related proteins. The close relationship between NOP-1 and archaeal opsins indicates the existence of eukaryotic opsins of ancient origin. The deduced relationships among opsins and opsin-related proteins further suggest that the common ancestors of these proteins may have been involved in ion transport, with alternative functions being derived independently in both archaeal and fungal lineages. Among the fungal proteins, the position of the Yro/Hsp30 subgroup in phylogenetic trees suggests the existence of a subgroup that arose after the eukaryote-archaea split, whose members do not possess the residues important for retinal binding and associated light-regulated ion pumping activities (particularly if root ␣ in Fig. 3 is accepted) .
At present, it is not known whether fungal opsin-related proteins can bind a chromophore and function as lightresponsive proteins in vivo. Studies of both vertebrate rhodop- There has been a long-standing controversy regarding the relationship between archaeal opsins and the visual opsins present in animals. It is not clear whether the two groups represent homologous proteins that have diverged beyond recognizable sequence homology or are analogous proteins with separate evolutionary origins but similar structures (20) . Although the discovery of NOP-1 does not resolve this issue directly, the existence of a fungal protein with clear evolutionary affinities to archaeal opsins places the notion of homology between archaeal and visual opsins within the realm of possibility. Although sequence differences suggest that the visual and archaeal proteins belong to different opsin groups, it is possible that the members of the two groups share ancestry in the opsin/opsin-related protein family, perhaps even among retinal-binding members. In fact, the ancient origin of fungal opsin homologues that we have inferred makes it likely that additional opsin homologues, including members of the NOP-1 and Yro/Hsp30 subfamilies, will be identified in other fungi. It is tempting to speculate that opsin homologues will be found in eukaryotic groups related to the fungi (12, 48) and that these opsins may be directly related to the visual opsins of animals.
Finally, our results raise interesting questions regarding the differences between S. cerevisiae and light-responsive filamentous ascomycetes such as N. crassa and E. nidulans. Because the entire genomic sequence is known for S. cerevisiae, it can be concluded that this organism lacks members of the NOP-1 opsin subgroup; this finding may reflect the apparent absence of photobiology in S. cerevisiae. The absence of opsin homologues in the genomes of some completely sequenced archaeotes may represent differences in photobiology among archaeotes, a hypothesis consistent with the assertion that the ancestral activity of opsins was light-activated ion pumping. The discovery of nop-1 and fungal opsin-related proteins illustrates the value of using genomic research with diverse organisms to address important questions in biology.
